The c l o n a l i of nodular lymphocyte-predominant Hodgkin's disease (NLPHD) and the relationship t o composite or sequential large-cell lymphomas (LCLs) is poorly understood. Clonal Ig heavy-chain gene rearrangements (IgHGR) have infrequently been observed in NLPHD by Southern hybridization. The goals of this study were (1) t o determine if IgHGR could be identified by polymerase chain reaction (PCR) techniques in the LCL associated with NLPHD; (2) t o determine if the IgHGR identified in the LCL could also be found in the associated NLPHD; and (3) t o determine if Epstein-Barr virus (EBV) played a role a role in histologic progression t o LCL. Using consensus primers t o conserved regions in the IgH variable (V) and joining (J) region genes, we analyzed formalin-fixed paraffin-embedded sections from the biopsies of 25 patients referred t o the National Cancer Institute (NCI) registry for NLPHD and LCL using both single-step and seminested V-J PCR. The histologically aggressive component was further subclassified as frank LCL or as L&H-cell-rich, but not fulfilling criteria for LCL. Matched samples representing both NLPHD and aggressive components were available in 13 cases. In 12 cases, only one component was available (aggressive, n = 8; NLPHD, n = 4). In addition, we also amplified, with 32P labeling, 12 cases of ODULAR LYMPHOCYTE-predominant Hodgkin's N disease (NLPHD) has been associated with the development of large-cell lymphoma (LCL),'.'' with an incidence of approximately 3% to 10% in reported
N disease (NLPHD) has been associated with the development of large-cell lymphoma (LCL),'.'' with an incidence of approximately 3% to 10% in reported
In a previous report from the National Cancer Institute (NCI), seven cases of NLPHD and LCL were described." The patients were found to have a good prognosis, as usually seen in NLPHD," despite the development of LCL, a finding supported in the review by Grossman et a1.I ' The clonality of NLPHD is still controversial. Clonal Ig heavy-chain gene rearrangements (IgHGR) have been infrequently identified by Southern analysis in NLPHD.l3-l9 Despite the presence of a B-cell phenotype in most cases of NLPHD, the reported incidence of proven monoclonality is similar to that seen in other subtypes of Hodgkin's disease." Even with more sensitive polymerase chain reaction (PCR) methodology Angel et alZ1 found no IgHGR in two cases of NLPHD by using a single-step PCR with consensus primers. Delabie et using a nested PCR technique to amplify IgHGR DNA from single L&H cells (the neoplastic cells of lymphocyte and histiocytic predominance Hodgkin's disease), observed that four cases of NLPHD had polyclonal IgHGR. In contrast to these studies, Tamaru et alZ3 recently found that six of 10 (60%) paraffin-embedded cases of NLPHD had clonal IgHGR.
Few studies have examined NLPHD associated with LCL. In the prior NCI series, an IgHGR was identified in the LCL component by Southem blot analysis in one case." A clone was not identified in a second case of NLPHD with LCL found elsewhere in the biopsy specimen. Grossman et all0 noted IgHGR by Southern in the LCL component of two cases associated with NLPHD. Wickert et alZ4 found a com-NLPHD without associated LCL. Two clonal IgHGR were identified in 29 cases (7%) of typical NLPHD, both of which were associated with LCL containing a similar sized band by PCR. The clonal identity of the bands in the NLPHD and associated LCL was confirmed by sequencing the products in these two cases. Eight of 10 cases (80%) of LCL associated with NLPHD contained a clonal band by this technique. By contrast, none of the cases classified as L&H-cell-rich contained an IgHGR. The single-step and seminested PCR methods produced identical results. All clonal LCLs were studied for EBV sequences by in situ hybridization using the EBERl probe, and were negative. We conclude that the LCLs associated with NLPHD are clonal 6-cell malignancies. However, by these methods, the same clone can be identified in only a minority of cases of NLPHD and LCL. EBV does not appear t o play a role in histologic progression. Moreover, our results suggest that many cases suspected of being LCL may actually represent NLPHD with increased numbers of L&H cells.
In histologically equivocal cases, the diagnosis of LCL should be reserved for those cases in which a clonal 6-cell neoplasm can be demonstrated. This is a US government work. There are no restrictions on its use. mon clone by PCR in biopsies representing both NLPHD and LCL in two of four cases studied.
Since our initial report of NLPHD with LCL," 45 cases of NLPHD with increased numbers of L&H cells suggesting evolution to LCL have been contributed to a registry established at the NCI (E.S.J.). These have been collected to study the previously suggested hypothesis that the LCLs represent a histologic progression of NLPHD." To study these issues, we sought to determine the presence of a clonal population in the LCL associated with NLPHD by identifying IgHGR with V-J PCR. We asked the question whether clonal IgHGR could be detected in both the LCL and the associated NLPHD, and if so, if the clones were identical, suggesting histologic progression. Because EBV has been implicated in the pathogenesis of some aggressive B-cell lymphomas, we further sought to determine if EBV played a role in the development of the LCL. Finally, because the clonality of uncomplicated NLPHD is still an issue, we studied cases of NLPHD not associated with LCL. We reasoned that clonal IgHGR might be more readily detected in NLPHD associated with LCL, than in uncomplicated NLPHD.
MATERIALS AND METHODS
Case selecrion. The study was based on 25 of 45 cases submitted to the NCI registry for NLPHD and associated LCL. Twenty cases were excluded for one of two reasons, as follows: ( 1 ) paraffin blocks were unavailable (15 cases): (2) only BS-fixed blocks were available. and the efficiency of DNA extraction from BS-fixed material has been poor (five cases). The 25 remaining registry cases with formalin-fixed paraffin blocks were reviewed and classified into one of the following groups: NLPHD with LCL in the same anatomical site; NLPHD with LCL in a different site: or NLPHD with increased L&H cells suggesting possible evolution into LCL. termed L&H-cell-rich NLPHD. Cases that appeared to represent T-cell-rich Bcell lymphoma2' or a related morphology of histiocyte-rich B-cell lymphoma"' were excluded. Thirteen archival cases had paired samples of paraffin-embedded tissue including both NLPHD and either ( I ) LCL or (2) L&H-cell-rich components. In 12 additional cases. paraffin-embedded material was available only on one component.
We also selected for study 12 cases of NLPHD without known LCL to provide a comparative analysis with the study cohort. Because some investigators believe that the "P method is more sensitive than the standard polyacrylamide gel method, we selected cases of uncomplicated NLPHD that had both paraffin blocks and freshfrozen tissue available. These control cases were provided through the British Columbia Cancer Agency (BCCA) and Cedars-Sinai Medical Center.
After review of hematoxylin and eosin (H&E)-stained sections, paraffin-embedded cases were selected for further study based on the presence of either ( I ) pure NLPHD, (2) LCL. or (3) L&H-cellrich histology. The NLPHD component was identified by the usual characteristics": a nodular pattem with small lymphocytes surrounding L&H cells of B-cell phenotype. along with intermixed histiocytes. L&H-cell-rich histology was defined as NLPHD with increased L&H cells, still retaining a nodular growth pattem, but focally forming small sheets or aggregates of L&H cells within the nodules (Fig I) . A diagnosis of LCL was reserved for cases with sheets of large cells of B-cell phenotype effacing the lymph node architecture without a nodular background. A B-cell phenotype (CD20' and CD15-) was characteristic of the L&H cells in the registry cases.
Formalin-fixed tissue in paraffin-embedded blocks that contained elements of the NLPHD, LCL, or L&H-cellrich histology were isolated. For lymph node specimens containing both NLPHD and LCL, an attempt was made to select separate DNA preparation.
For personal use only. on November 16, 2017. by guest www.bloodjournal.org From V-J PCR OF NLPHD AND LCL 659 blocks containing each component. Blocks containing NLPHD were always sampled before those containing LCL to avoid contamination of DNA samples by the more aggressive component. Specifically, 20-pm sections of tissue were cut that were equivalent to a 1 X 1-cm area. The tissues were extracted with xylene to remove the paraffin, rehydrated through an ethanol series (95%, 75%, 50%), and dried. The material was digested overnight at 55°C with 60 pgl mL proteinase K, heated to 95°C for 7 minutes, and centrifuged to clear the supernatant. Samples were diluted 1:5 before PCR.
DNA was amplified with consensus variable region (V) and joining region (J) primers to amplify IgHGR?* To compare a single-step PCR technique with a seminested approach, a second seminested PCR was performed using a joining region primer (VLJH), which is internal to the (J) primer used in the firstround PCR.
The PCR of the paraffin tissues from the NCI was performed in a blinded fashion at BCCA. The PCR reactions for &hemoglobin, c-abl, and V-J in a 50-pL volume included 10 pL of DNA lysate, 25 pmol of each primer, 200 pmol/L of dNTPs, 1.5 U of Taq polymerase (BRL, Gaithersburg, MD), 67 mmol/L Tris-HCI pH 8.8, 1.5 mmoVL MgC12, 16.6 mmol/L A(NH,)ZS04, and 10 mmoVL 2-mercaptoethanol, overlaid with 50 pL of mineral oil. PCR cycles included an initial cycle of 6 minutes at 94°C. This was followed by 35 cycles of 1 minute at 94"C, 1 minute at 60"C, and 1 minute at 72°C. A termination cycle of 1 minute at 94°C 1 minute at 60°C. and 9 minutes at 72°C was performed. Seminested PCR was performed using 1 pL of the first-round PCR as template in the same reaction mix as earlier, substituting the VLJH primer for the J primer. Cycling parameters for 20 cycles were as follows: 1.5 minutes at 96"C, 1.5 minutes at 6 3 T , and 1.5 minutes at 72°C.
The PCR products were analyzed on a 12% polyacrylamide gel, stained with ethidium bromide, and photographed under UV light. DNA from 12 cases of NLPHD without associated LCL was amplified with consensus V and J primers at both BCCA and at the NCI in a nonnested PCR. The PCR on these BCCA samples was performed in a blinded fashion at the NCI using both routine agarose gel electrophoresis and radiolabeled PCR. The radiolabeled PCR reaction was performed in a total volume of 11 pL with 30 pmoV L dNTPs, 0.5 U Taq polymerase (Perkin Elmer, Foster City, CA), 0.05 pmolL of each primer, 10 mmol/L Tris-HC1, pH8.3, 1.5 mmol/ L MgClz, 50 mmol/L KCI, and 0.01% gelatin. In addition, 1 pL of 32P cDTP. 1 pCi, with a specific activity 6,000 Ci/mmol, was added to the reaction after oil overlay. The PCR reaction for agarose electrophoresis was performed in a 100-pL volume including 500 ng of DNA, 0.2 pnoVL of each primer, 200 pmoVL dNTPs, 1.5 U Taq polymerase, 10 mmol/L Tris-HC1, pH 8.3, 1.5 mmoVL MgClz, 50 mmoVL KCI, and 0.01% gelatin, overlaid with 50 pL of mineral oil. PCR thennocycles included an initial 5 minutes at 95°C 5 minutes at PCR rrmplification. Abbreviations: NOS, site not otherwise specified; Supraclav, supraclavicular; Submand, submandibular.
5 5 T , and 5 minutes at 72°C. This was followed by 35 cycles of 1.5 minutes at 94"C, 1 minute at 5 5 T , and 2.5 minutes at 72°C. A termination extension of 5 minutes at 72°C was performed. The PCR products intended for agarose were analyzed on a 4% gel. The 3ZP-incorporated PCR product DNA was run on a 6% polyacrylamide gel at 8 W for 15 hours. An aliquot of each reaction mixture was diluted 1:25 in 0.1% sodium dodecyl sulfate and 10 mmol/L EDTA, and suspended with 0.05% bromophenol blue and 0.05% xylene cyanol.
The PCR products obtained from amplification of DNA extracted from cases no. 7 and 13 (containing LCL and NLPHD, respectively), as described earlier, were excised from a 12% polyacrylamide gel and purified using the "crush and soak" method to provide templates for DNA sequencing. Sequencing reactions for both the forward and reverse strands were performed in a Perkin Elmer Model 2400 thermal cycler using dye terminator cycle "ready reaction" with AmpliTaq DNA polymerase FS chemistry (Perkin Elmer Applied Biosystems Division, Foster City, CA), and the same VH and JH primers diluted to 0.16 pmol/L.
Excess labeled dideoxynucleotide terminators were removed with a Centri-Sep column (Princeton Separation, Adelphia, NJ) before the products were analyzed on an Applied Biosystems Prism 377 automated DNA sequencer (Perkin Elmer Applied Biosystems, Foster City, CA). For each of the four templantes, sequence data obtained from both strands were aligned (Sequence Navigator; Applied Biosystems) to ensure correct base-calling.
All cases of LCL identified as being clonal by V-J PCR were studied for the presence of Epstein-Barr virus (EBV) by RNA in situ hybridization using a previously described method.32 Briefly, 5-pm sections of paraffinembedded tissue were prepared on silanated slides. Tissue sections Sequencing of the PCR products.
Epstein-Barr virus in situ hybridization.
For were deparaffinized, rehydrated, permeabilized with a nonionic detergent, and digested with proteinase K ( I O pglmL). The riboprobe was applied in a formamide buffer and the slides were hybridized overnight. Following stringent posthybridization washes, an antidigoxigenin alkaline phosphate antibody conjugate was applied to each slide. The slides were then washed and placed into a color developing solution consisting of nitrobluetetrazolium (NBT) and X-phosphate. The reaction was stopped by briefly washing the slides in an appropriate buffer. The slides were counterstained with eosin and coverslips were applied.
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The integrity of the RNA in each tissue section was evaluated with a digoxigenin-labeled riboprobe (150 bp) directed at an abundant cellular mRNA transcript for a small nuclear ribonucleoprotein, snRNP U6 (gift from Richard Ambinder, MD, PhD). Sections showing hybridization signal with the U6 probe were determined adequate for analysis with the EBERl probe. The EBV EBERl riboprobe was prepared as previously described." A control slide. prepared from a paraffin-embedded tissue block containing metastatic nasopharyngeal carcinoma to lymph node, accompanied each hybridization run.
RESULTS

Histologic and clinicaljndings.
The age of the patients studied ranged from 12 to 84, with a median age of 51 and an average age of 49 (Table I ). The male to female ratio was 2: 1, similar to that usually seen in NLPHD. The most common site of diagnosis was an axillary lymph node. In two cases with paired samples studied by PCR, NLPHD and LCL were seen in the same lymph node site (composite lymphoma) (Table I ). In seven other cases studied with paired samples of NLPHD with LCL, the LCL component was seen sequentially after the diagnosis of NLPHD (five cases), or concurrent with the diagnosis of NLPHD in another site (two cases). One case of LCL did not have available paraffin material from a biopsy containing a NLPHD component.
In all cases, the morphology of the NLPHD component had a classical nodular architecture, with L&H cells scattered or clustered in a background of small lymphocytes. The LCL component was most frequently composed of cells with multilobated nuclei (six cases), similar to L&H cells (Fig  2) . In two other cases, there was a mixture of multilobated cells and large noncleaved cells. Finally in two cases, the cytology was predominantly large noncleaved cells. In the biopsies classified as L&H-cell-rich, the neoplastic cells were almost exclusively multilobated L&H-like cells in large clusters within nodules.
PCR amplification. All extracted paraffin samples demonstrated c-ab1 (99 nt) amplification that was within the expected size range of immunoglobulin products (90 to 140 nt) ( Table 2 ). While 44% of the lysate samples amplified with P-hemoglobin primers, the 5 IO-nt expected length is longer than usually obtainable from paraffin-embedded tissue. A 2% sensitivity of detecting cell-line KM3 diluted in polyclonal DNA was obtained by both nonnested and nested V-J PCR. Analysis of cases using both the single-step and seminested PCR methods showed comparable results. However, with the seminested approach, clonal cases showed a new band smaller in size than the original band. This result was as expected, since by primer design the seminested band should be 13 seminested technique, it was also observed that cases that had demonstrated a polyclonal ladder after first-round PCR did not demonstrate the ladder after seminested PCR (Fig  3) . This phenomenon has previously been observed with this technique.23 Table 2 details the results of PCR analysis of NLPHD cases associated with LCL. Paraffin-embedded material was available in 10 cases of LCL. Of these LCLs, eight (80%) exhibited a clonal IgHGR, including four cases in which the LCL was separated by time from the NLPHD, two cases in which the LCL was identified simultaneously in a different site than the initial NLPHD, and two composite cases. Two clonal gene rearrangements (two of 17) were identified in the classical NLPHD cases amplified from paraffin-embedded tissue, both of which were associated with LCL, either at the same site (case no. 7), or subsequently (case no. 13). The bands of the paired NLPHD and LCL were of the same size.
A clonal rearrangement was seen in none of the 11 paraffin-embedded samples of NLPHD defined as containing L& H-cell-rich areas. In addition, no rearrangements were seen by PCR using DNA extracted from fresh tissue from 12 other cases of NLPHD (not associated with LCL) analyzed in duplicate studies at BCCA and the NCI ( Table 3) .
The sequencing results of the IgGR products for cases no. 7 and 13 demonstrated the Sequencing of PCR products. same junctional sequence for the respective NLPHD and LCL components in each case (Table 4 ). The clonal sequence for case no. 7 is approximately 1 bp long, whereas the sequence for case no. 13 is 149 bp long. V and D region and J gene segments were identified by alignment with human genomic sequence using the Wisconsin Sequence Analysis Package, Version 8.1 (GCG, Madison, WI).
All eight clonal LCL cases studied for EBV-associated sequences by in situ hybridization with the EBER-1 probe were negative, with a U6 probe showing intact RNA.
In situ hybridization for EBV.
DISCUSSION
NLPHD is unique among the histologic subtypes of Hodgkin's disease in that the L&H cells uniformly express B-cell antigens, including CD19;' CD20,34-37 J chain,38 and LN-1.' 9 Timens et aI4' suggested that NLPHD was of B-cell origin, since the L&H cells occurred in the B-cell areas of the lymph node and NLPHD is associated with a form of atypical follicular hyperplasia termed progressive transformation of germinal centers (FTGC). Bums et a14' confirmed an association of NLPHD with PTGC and reported that the nodules contained numerous B cells and follicular dendritic cells. Epithelial membrane antigen (EMA) is frequently positive in NLPHD, whereas Leu-MI(CDI5) and Ber-H2 (CD30) are usually negative.""' Interestingly, 10 of 12 NLPHD that were found positive for EMA in two reported series also had EMA positivity in the LCL ~omponent,'.~' which is an unusual finding in most LCLs except anaplastic LCL. Compared with other forms of HD, L26-positive polyclonal B cells are increased in NLPHD. '4,47 Previous investigators have hypothesized that LCL associated with NLPHD may have arisen from the NLPHD based on the observation of both components occurring in the same lymph node site. This hypothesis is further supported by the B-cell phenotype of both LCL and NLPHD. In a review of 114 reported cases of NHL occurring after any subtype of Hodgkin's disease, Zarrabi and RosnerM noted that NLPHD was associated with a higher incidence of NHL than the other subtypes of Hodgkin's disease, a finding also noted by Kim et al.' A large study from the British National Lymphoma Investigation came to a similar conclusion.45 In NLPHD, the B-cell phenotype is often similar to the B-cell LCL, with EMA positivity in both, suggesting a progression from a common B cell. However, the non-Hodgkin's lymphomas (NHLs) that develop following usual forms of Hodgkin's disease have a B-cell immunophenotype that is distinctly different from classic Hodgkin's disea~e.~' Although histologic progression is one possible mechanism to account for cases of NLPHD with associated LCL, other pathogenetic mechanisms are possible. List et suggested that a Burkitt's NHL following NLPHD was associated with EBV. However, EBV was not identified in the clonal LCL cases in our current series. This confirms the findings of other investigators who observed no EBV sequences in LCL with NLPHD.4""9 Also, the bcl-2 protooncogene and the t( 14;18) translocation have not been implicated in this process. 48349 In this study, we have demonstrated that the B-cell clones identified in cases of LCL with this pair of VH and JH primers can be infrequently identified in the associated NLPHD biopsies. Only two cases contained a common clonal band in tissues involved by NLPHD and LCL, respectively. The identity of the clonal process in the low-grade and highgrade components was confirmed by sequencing of DNA from both samples. Indeed, the proliferation in NLPHD in most cases appears to be a polyclonal process by immuno- globulin gene rearrangements. The overall sensitivity of the assays is approximately 2% for seminested V-J PCR (data not shown) and one in 10' to 10' cells (for 32P PCR performed on DNA from frozen tissue samples). Additional assays of clonality unrelated to B-cell gene rearrangements, such as inactivation of X-linked genes,"' may be useful to address the issue of clonality further.
In reviewing the registry cases, we noted a subset of 1 1 cases of NLPHD in which there were increased numbers of L&H cells (popcorn cells), often grouped in clusters, but they did not sheet out and efface the nodal architecture as expected for LCL. The vague nodular pattern was still retained. We elected to consider these biopsies L&H-cell-rich NLPHD, as our chosen criteria for LCL had not been met. However, they had been submitted to the registry because of a suspected diagnosis of LCL. An immunoglobulin gene rearrangement was identified in none of these 1 1 L&H-cellrich cases. As these biopsies contained numerous L&H cells, usually greater than 5%, the lack of monoclonality suggests that most L&H-cell-rich cases still represent polyclonal expansions of L&H cells.
Moreover, these results suggest that biopsies containing numerous L&H cells should be considered NLPHD, and do not yet represent progression to LCL. In previous reports, criteria for LCL have not been clearly delineated. It is likely that some L&H-cell-rich cases containing clusters and small sheets of L&H cells may have been reported as LCL. These findings might help explain the reported good prognosis of many LCLs associated with NLPHD. Based on our results, we would recommend a conservative approach in the diagnosis of LCL associated with NLPHD. In cases with equivocal histologic features, the demonstration of monoclonality by PCR or Southern blot hybridization may be necessary to establish a diagnosis of progression.
In those lymph node biopsies showing effacement of the architecture and sheets of large cells, criteria for LCL appear to be met. The 80% detection rate of clonal gene rearrangements by PCR in these LCL cases is equivalent to that expected for de novo LCL by this technique, as these primers may not identify all clonal B-cell proliferations.
Whether NLPHD represents a clonal proliferation has been a controversial topic. Southern blot analysis for clonal immunoglobulin gene rearrangement has identified few positive cases in NLPHD.I3-l9 Using an immunoperoxidase approach, Schmid et a15' described an apparent light chain restriction in L&H cells, a finding also seen in 36% of cases studied by Stoler et al.s3 In a related pursuit, Hell et alS2 and Stoler et aI5' demonstrated kappa restriction by RNA in situ hybridization in 45% and 78% of cases, respectively. These results provide evidence to support the concept that NLPHD is a B-cell neoplasm with light-chain restriction. It is possible that the L&H cell in NLPHD is a unique cell that expresses B-cell-associated antigens such as CD20, but infrequently rearranges the immunoglobulin heavy-chain gene in a monoclonal fashion.
In our study, we have demonstrated that only two of 29 cases of classical NLPHD studied by V-J PCR were clonal for immunoglobulin rearrangements. Variations in the PCR technique did not affect the results, which were similar using either single-step PCR or a seminested approach. Seminesting did not increase sensitivity, which was in the range of 2%. Therefore, these results support the hypothesized polyclonal B-cell nature of NLPHD suggested by P~ppema.'~ In contrast, Tamaru et a123 recently found clonal IgHGR in 67% of NLPHD (six of 10) and Kuppers et ais4 observed a nonproductive rearrangement in the single case of LPHD studied. Tamaru et a12' used a seminested PCR technique employing primers for framework I11 or framework I1 and the J H region. The sensitivity of their technique was stated to be 50 cells per 100,000-admittedly greater than what we could achieve in paraffin sections by our seminested technique, but comparable to the "P technique used for frozen NLPHD samples in our study. However, in contrast, Delabie et alZ2 used a single-cell nested PCR technique to amplify L&H cells with the framework 111 VH primer and observed polyclonal IgHGR in four of four cases. Angel et a1.2' also found a polyclonal smear in two cases of NLPHD with a single-step PCR technique. 
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The differences in these results could be a consequence of several factors, such as the following: (1) the PCR technique used-clone-specific primers versus seminested PCR versus single-step PCR; (2) the source of the amplified DNA, ie, derivation from intact tissue sections versus isolation of individual L&H cells; andor (3) case selection and the abundance of neoplastic cells. Primer selection does not appear to play a role, since the primers employed in all of these studies, including ours, are similar ( Table 5) 
.2'-2'
Additional studies will be required to resolve the question of clonality of uncomplicated NLPHD. NLPHD may be a process that undergoes clonal selection and expansion over time. The results of Wickert et a124 using tumor-specific primers capable of detecting one in lo5 cells support such a view. Future studies using more sensitive PCR strategies, such as in situ PCR with clone-specific primers/probes for the sequence identified in the clonal LCL, could be performed on the associated NLPHD to address further the question of clonal progression.
